Objective: To determine the muscular ef®ciency of lactating women and compare it to that of nonpregnant, nonlactating (NPNL) women. Design: The study was retrospective. The subjects were selected randomly in the two groups and studied on three occasions (rounds) separated by approximately three months. Subjects: There were 109, 101, and 80 NPNL women and 45, 31 and 16 lactating women in rounds 1, 2 and 3 respectively, 19±43 y of age, living under economically deprived conditions in Cali, Colombia, who participated in the study. Methods: Muscular ef®ciency was measured as delta ef®ciency on a cycle ergometer. Results: Muscular ef®ciency was signi®cantly higher in lactating women in all three rounds compared to NPNL women. In six women it was possible to measure ef®ciency at variable times prior to their pregnancies, and again during lactation about three months post partum. There was a statistically signi®cant (P 0.03) increase in muscular ef®ciency during lactation. Conclusion: Lactation results in about a 5% increase in muscular ef®ciency which may contribute to the adaptation of the mother to the increased energy demands associated with lactation.
Introduction
, using whole body indirect calorimetry, con®rmed the dietary recommendations of the FAOaWHOaUNU Expert Consultation (1985) for lactating women. The new consultation (Prentice et al, 1996) suggests only slight modi®cation of the 1985 recommendations. On the other hand, there is abundant evidence that women can achieve successful lactational performance with energy intakes less than the theoretical costs (Butte et al, 1984; Sandurskis et al, 1988; Brewer et al, 1989; Guillermo-Tuazon et al, 1992) . This suggests a change in the physiological ef®ciency of lactating women. Increased metabolic ef®ciency during lactation has been reported in dairy cattle (Moe, 1981) and rats (Roberts & Coward, 1984) , but there is less evidence for such a change in humans. Postprandial thermogenesis in lactating women was reduced by 30% in one study (Illingworth et al, 1986) , but was unchanged in others (Spaaij et al, 1994; Piers et al, 1995) .
A potential energy sparing mechanism is an increase in the ef®ciency of muscular work. Muscular ef®ciency is commonly measured as the ratio of work accomplished to energy expended to do the work (Whipp & Wasserman, 1969; Gaesser & Brooks, 1975; Stansby et al, 1980) . If there is an increase in metabolic ef®ciency during lactation, there may be measurable changes in muscular ef®ciency of lactating subjects. Yet, there seem to be no such measurements in the literature.
The hypothesis to be tested in the present experiments is that the muscular ef®ciency of lactating women is higher than that of nonpregnant, nonlactating (NPNL) women.
Subjects and methods
The subjects were all residents of Cali, Colombia, a city of $ 2.2 million inhabitants located 3 H 22 HH north of the equator, 1000 m above sea level. Colombia is a country at a middle level of development (World Bank, 1993) . Average yearly ambient temperature is $ 24 C (18±29 C). There are two rainy seasons from March to June and October to December during which monthly rainfall may average as much as 18 mm while during the dry season 6±7 mm is the average.
Subject selection and study protocol
The subjects were volunteers in a study of various aspects of the adaptation of economically deprived women to urban life and were living in two of the poorest neighborhoods in Cali. Their ages varied from 19±43 y. All subjects received a thorough medical exam at a local medical center before joining the study, were nutritionally normal, and in good health.
The studies were carried out in the years 1990±1995. The women followed a protocol which involved various physiological, nutritional, and anthropological observations made during one week of measurements, repeated twice at approximately three month intervals. The measurements occurred an average of 2.4, 5.3 and 8.6 months following the birth of their infants. The corresponding times of study of the NPNL women were 0, 3 and 6 months. These sets of measurements are referred to as rounds. There were 109, 101 and 80 NPNL women and 45, 31 and 16 lactating women in rounds 1, 2 and 3 respectively. The data analyses were carried out on three sets of data. The ®rst and principal analysis was done on 80 NPNL and 16 lactating women who completed all three rounds of measurements. In the second analysis, the muscular ef®ciency of an additional 29 lactating women in the ®rst round and 15 lactating subjects in the second round, who did not complete all three rounds were compared to all the NPNL women in that round, namely 109 and 101 in rounds 1 and 2 respectively. This included the 80 NPNL women in each round who also completed round 3. Finally, it was possible to obtain a set of measurements of delta ef®ciency in 6 women before their pregnancies and again during the ®rst round of lactation, namely approximately 3 months postpartum. The time between the two sets of measurements varied from 1. 
Anthropometry and blood hemoglobin
Weight was obtained with a Homs Beam Balance to AE 25 g (Homs Corp, Belmont, CA) with the subjects barefoot and lightly clothed and height with a wall stadiometer. Triceps, subscapular, and iliac crest skinfolds were obtained in triplicate on the left side using a Lange skinfold caliper (Cambridge Scienti®c Industries, Cambridge, MD). All anthropometric measurements were made by the same trained technician. Blood hemoglobin was determined on a sample of ®ngertip blood by the cyanmethemoglobin method.
Muscular ef®ciency
The measurements of ef®ciency were done on a Monark Cycle Ergometer (Quinton Instruments, Seattle, WA) in the morning about 2 h after a light breakfast. The subjects warmed up at 60 cycles per minute at 0 load for 3 min and then exercised at 15 W increments for 3 min each until a heart rate of about 150 beatsamin was achieved. The revolutions per minute were measured with a speedometer under close supervision to maintain constancy of work load. Measurements of oxygen consumption (V Ç O 2 ) carbon dioxide production (V Ç CO 2 ) pulmonary ventilation (V Ç E ) and heart rate (HR) were made during the last minute of each work load. Oxygen and carbon dioxide concentrations in expired air were obtained using Beckman Medical Gas Analyzers (Sensormedics, Anaheim, CA), calibrated with gases standardized by the Scholander (1947) technique. V Ç E was measured with a Parkinson-Cowan Dry Gas Meter (CD4; C. Poe Co., Houston, TX) and HR by hard wire recording of precordial lead CM 5 . V Ç O 2 was calculated using the open-circuit techniques described by Consolazio et al (1951) .
The percent muscular ef®ciency is expressed as gross, net, work, or delta ef®ciency according to the base line subtractions employed (Gaesser & Brooks, 1975; Stainsby et al, 1980) . Since Gaesser & Brooks (1975) have shown that delta ef®ciency most accurately estimates muscular ef®ciency, we report only delta ef®ciency. It is de®ned as the change in work accomplishedachange in energy expended 6100.
Subject observation
To answer the needs of other questions asked of the study protocols, the subjects were under continuous observation and the minute-by-minute recording of their activities using a coding system based on the usual activities of women in this socioeconomic group (Spurr et al, 1996) . Brie¯y, as described previously (Spurr et al, 1996) , trained technicians who lived in the same neighborhoods as the subjects, and therefore could fade into the background while observing, recorded activities from 0600±0630 am to 2030±2100 pm on each of two successive days. Since we have no data on milk production or nutrient content of maternal milk, we have calculated the average total time per day spent lactating during the observation periods.
Statistical analysis
The data are presented as means and standard deviations unless otherwise indicated. The analyses consisted of oneand two-way ANOVA, with repeated measures where appropriate (that is for rounds), w 2 frequency analysis, linear regression, paired, and unpaired t comparisons within and between groups (Snedecor & Cochran, 1967) . The post hoc comparisons of the ANOVA were done using the Newman-Keuls multiple range test for difference of means (Winer, 1971) .
Results
The mean ages of the 80 NPNL and 16 lactating women who completed the three rounds of measurements were 29.1 AE 6.2 and 28.3 AE 6.1 y respectively, and were not signi®cantly different from each other. The stature of the two groups was 155.7 AE 6.3 and 156.0 AE 6.4 cm respectively, and the difference was not statistically signi®cant. In the case of the lactating women, the timing of the rounds of measurement was based on the date of birth of their infants. Rounds 1, 2, and 3 occurred an average of 2.4 AE 0.8 (1.5± 4), 5.3 AE 0.8 (4±6) and 8.6 AE 0.8 (7±10) months postpartum. A w 2 analysis of the number of children the women had at the time of the study (not counting the infant being breast fed) was not signi®cantly different in the two groups. The NPNL and lactating women had an average of 2.5 and 3 children, respectively.
The average of the total time the women were observed to breast feed their infants each day was 68 AE 23, 49 AE 24, and 49 AE 36 min in rounds 1, 2, and 3 respectively. There was no statistically signi®cant difference in a 1-way ANOVA with repeated measures.
The physical characteristics of the subjects and their blood hemoglobin concentrations are presented in Table 1 . There were no statistically signi®cant differences between the two groups in any of the measures shown. However, there were some differences in the patterns of change, as indicated by the signi®cant interaction terms, and some signi®cant changes within groups during the elapsed rounds of measurements, which did not result in statistically signi®cant interaction terms. For example, body weight in the NPNL women showed a slight, but statistically signi®cant (P`0.001) increase in the second and third rounds that was not observed in the lactating subjects. The body mass index (BMI) followed a similar pattern with a statistically signi®cant (P 0.003) increase in the NPNL subjects and no signi®cant change over time in the lactating women. Likewise, the triceps skinfold was signi®cantly elevated in the third round in the NPNL women. The 1-way ANOVA of blood hemoglobin by rounds of each group separately, show no statistically signi®cant difference in the NPNL women and a signi®cant rise in hemoglobin concentration with time (P 0.014) in the second and third rounds in the lactating subjects (Table 1) . There was no statistically signi®cant difference between groups, but there was a statistically signi®cant interaction term (P 0.005).
The lactating women had signi®cantly higher values for delta ef®ciency than NPNL subjects in all three rounds ( Figure 1 ) and there were no statistically signi®cant differences in either group during the three rounds of measurement. When all of the estimates of delta ef®ciency obtained in rounds 1 and 2 were treated as separate sets of measurements, excluding the 16 lactating subjects who completed all three rounds, the results shown in Table 2 were obtained. The mean delta ef®ciency was signi®cantly higher in the lactating women in rounds 1 and 2. The overall increase in muscular ef®ciency amounted to about 5% in the women who completed the 3 rounds (Figure 1 ) as well as in those who did not ( Table 2 ).
The results of the measurements of muscular ef®ciency before and during lactation are presented in Figure 2 . The increase in delta ef®ciency in these women was statistically signi®cant (P 0.03).
Discussion
The NPNL and lactating women were living in similar economically depressed conditions. Their age, physical characteristics and the number of children they had were not signi®cantly different. The women were all nutritionally normal during the 6±9 months they were under study, as evidenced by the anthropometric data in Table 1 . However, a previous report from this laboratory on Table 2 Delta ef®ciency of all non-pregnant, non-lactating (NPNL) and lactating women during the ®rst, and second rounds of measurement, excluding the lactating women in Figure 1 Round n NPNL n Lactating Probability women living in the same deprived conditions showed that 58% were concerned about their ability to purchase food (Dufour et al, 1997) . When faced with restricted ability to buy food, the women adapted by compromising meal composition, reducing the portion sizes or the number of meals, or by relying on family, friends, or government programs. In general, the coping strategies of the subjects were adequate to maintain energy intake and the women in the present study did not have overt signs of undernutrition. There was even a statistically signi®cant 0.8 kg gain of weight in the NPNL subjects (Table 1) . However, the frequency with which the subjects in the companion study had to compromise their dietary composition and of lowenergy intake days, suggest they are an at-risk population (Dufour et al, 1997) .
The blood hemoglobin concentration of the NPNL women was normal and did not change during the 6 months of study (Table 1) . While blood hemoglobin concentration in lactating women increased signi®cantly between rounds 1 and 2, the values throughout the three rounds are also normal. It is known that hematocrit, and therefore blood hemoglobin, falls markedly during pregnancy due to the expansion of the plasma volume (Pitkin, 1977) . Our subjects were not taking iron supplements during their pregnancies.
The delta ef®ciency obtained by the difference in work performed at two or more work loads in relation to the difference in energy cost of doing the work at the same work loads is the best estimate of the muscular ef®ciency of an individual (Gaesser & Brooks, 1975) . It has also been shown that the energy cost derived from the measurement of pulmonary V Ç O 2 , closely represents the events in V Ç O 2 going on in the exercising muscle of the legs and therefore can be used to measure muscular ef®ciency (Poole et al, 1992) . The ®nding of a signi®cantly higher value for muscular ef®ciency in lactating women (Figure 1 ) which is unchanged during about 9 months of lactation, and which increases signi®cantly in the same 6 women from the NPNL to their lactating states (Figure 2) , are the primary ®ndings of this study. The higher value averaged 5% in lactating compared to NPNL subjects during all three rounds (Table 2) . Although no calculations of delta ef®-ciency were made, the data of Spaaij et al (1994) indicate no difference in ef®ciency during lactation. While the subjects in the present study were nutritionally normal, their nutritional history was different. The average combined heights of the two group (155.8 AE 6.3 cm) was about the 10th percentile of the U.S. National Center for Health Statistics data (Frisancho, 1993) and signi®cantly less (P0 .001) than the height of the subjects studied by Spaaij et al (1994) . This is no doubt a re¯ection of the marginal malnutrition during growth which is common in this socioeconomic group in Cali (Spurr & Reina, 1989) . The studies reported here should be repeated in women with various nutritional backgrounds and states. Lunn (1994) has pointed out that the possible sources of the increased energy required for successful lactation are: (a) increased food consumption; (b) decreased physical activity; (c) reduced basal metabolic rate (BMR) andaor dietary induced thermogenesis (DIT) (IIIingworth et al, 1986) ; and (d) utilization of fat stores. To this list might be added an increased mechanical ef®ciency, allowing for physical activity to occur at a smaller energy cost. Perhaps the most complete study of the energetics of lactation is that of Goldberg et al (1991) , who reported that increased dietary energy intake accounted for 56% of the energy cost of lactation and the remainder by decreased energy expenditure in activity because BMR was not signi®cantly changed from NPNL values. The decreased total daily energy expenditure they measured by the doubly labelled water technique would include DIT and the savings made possible by the increased muscular ef®ciency reported here. These savings may be even more important in women living under conditions of threatened or actual shortages of dietary energy intake (Dufour et al, 1997) . A women who might require 10 MJad ( $ 2400 KCalad) dietary energy intake could theoretically save 0.5 MJad ( $ 125 KCalad) with a 5% improvement in muscular ef®ciency.
In a comparison of marginally undernourished and nutritionally normal Colombian school-aged boys 6±16 y of age we reported that there was no signi®cant difference in the delta ef®ciency of treadmill walking (Spurr et al, 1984) . Kulkarni & Shetty (1992) reported signi®cantly higher net mechanical ef®ciency in chronically energy de®cient adult individuals compared to well-nourished subjects and suggested a higher proportion of slow muscle ®bers as well as a greater ergonometric ef®ciency as possible contributors to their ®ndings. The discrepancy with the ®ndings in Colombian children may be related to the degree of undernutrition or to the difference in the calculation of delta and net ef®ciencies used in the two studies. But a change in muscle ®ber composition is an unlikely explanation for the higher values of mechanical ef®ciency observed during lactation. Furthermore, while the population of women studied here may have been under the threat of forces leading to energy de®ciency, there was no evidence that it had occurred, and in any event, would have been an equal threat in both subject groups.
Since the present study is a retrospective one which did not measure milk production or its energy content, a series of measurements similar to the ones performed by Goldberg et al (1991) , and including mechanical ef®ciency, should be undertaken.
Conclusion
The hypothesis that lactating women have increased muscular ef®ciency compared to NPNL subjects is con®rmed. The energetic advantage to the mother is obvious particularly in situations where dietary energy intake may be low.
